1. Introduction {#sec1}
===============

Esophageal cancer (EC) is one of the most common malignancies worldwide, which can be classified into adenocarcinoma (EAC) and squamous cell carcinoma (ESCC) according to its histological and pathological characteristics[@bib1]^,^[@bib2], and ESCC is the most prevalent in the developing countries[@bib3]. Although the traditional therapy measures like surgery, radiotherapy and chemotherapy have achieved prominent progress in ESCC treatment, the therapeutic effects are not ideal and the 5-year survival rate of patients with ESCC is only 12%--20%[@bib2]^,^[@bib4]. Thus, exploring the molecular mechanism of tumorigenesis and searching novel targeted therapy methods for ESCC should be significantly important.

Mammalian target of rapamycin (mTOR), as a serine/threonine kinase, was an essential factor in many pathways associated with growth factor and nutrition. mTOR can regulate various cellular processes, including proliferation, survival, apoptosis, metabolism and autophagy[@bib5], [@bib6], [@bib7]. Activity of mTOR kinase is associated with sets of different proteins, which is involved in two functionally and structurally distinct complexes: mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). mTORC1, mainly containing mTOR, regulatory-associated protein of mTOR (raptor) and mammalian lethal with Sec13 protein 8 (mLST8), controls protein synthesis as well as cell growth by phosphorylating the p70 ribosomal S6 kinase-1 (p70S6K) and 4E binding protein-1 (4EBP-1) in response to the availability of nutrients and growth factors[@bib8]. Distinct from mTORC1, mTORC2, formed by mTOR, rapamycin-insensitive companion (RICTOR), mLST8, mammalian stress-activated protein kinase-interacting 1 (mSIN1), and protein observed with RICTOR 1/2 (Protor1/2), is considered to regulate the actin cytoskeleton network through phosphorylating the protein kinase B (AKT), protein kinase C (PKC) and serum/glucocorticoid-activated kinase 1 (SGK1)[@bib9], [@bib10], [@bib11], [@bib12].

Rapamycin was firstly identified as a specific allosteric inhibitor of mTORC1 *via* binding with FKBP12/rapamycin-binding (FRB) domain. Some analogs of rapamycin (rapalogs) like everolimus (RAD001) have been approved by U.S. Food and Drug Administration (FDA) for the treatment of various tumor types[@bib5]^,^[@bib13], [@bib14], [@bib15]. However, these rapalogs are insufficient for achieving a promising curative effect in clinical application because they are mainly cytostatic with poor proapoptotic activity, and they could reactivate AKT signaling through some negative feedback loops by selectively inhibiting mTORC1[@bib5]^,^[@bib16], [@bib17], [@bib18]. Compared with rapalogs, mTORC1/mTORC2-selective inhibitors late-discovered to display more powerful anti-proliferative and pro-apoptotic effects because they only block the catalytic domain of mTOR and suppress both mTORC1 and mTORC2 kinase activity, and thus completely inhibit the output of mTOR[@bib19], [@bib20], [@bib21]. And PP242 is the prototype inhibitor of this class[@bib22], the antitumor effects of which were demonstrated in ESCC and acute myeloid leukemia (AML) cells by suppressing mTORC1/2 activity[@bib23]^,^[@bib24]. Additionally, numerous researchers have concentrated in mTORC1, but function of mTORC2 is still not well understood. It has been demonstrated that RICTOR, as a critical player for mTORC2 kinase activity, harbors important function in the development of some cancer types[@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], but there are little reports about RICTOR in ESCC. Although a recent study has been demonstrated RICTOR was overexpressed and associated with the poor prognosis in ESCC[@bib31], the potential role of RICTOR/mTORC2 remains obscure in ESCC.

In the present study, to explore potential function of RICTOR/mTORC2 in ESCC, expression and the clinicopathological significance of RICTOR were analyzed in tissues of ESCC patients. Moreover, the effects of *RICTOR*-knockdown (*RICTOR*-KD) on cell proliferation, cell cycle, cell migration, cell apoptosis and tumor growth were investigated both in ESCC cells and xenografts. Most importantly, we demonstrated whether or not inhibition of RICTOR/mTORC2 activity can enhance the sensitivity of ESCC cells to RAD001 and PP242 as well as potential molecular mechanisms.

2. Materials and methods {#sec2}
========================

2.1. Chemicals and antibodies {#sec2.1}
-----------------------------

RAD001 and PP242 were purchased from MedChem Express (Monmouth Junction, NJ, USA). Primary monoclonal antibodies recognizing RICTOR (\#9476s), phospho-AKT (Ser473, \#4064s), AKT (\#2920s), p70S6 kinase (\#2708), phospho-PRAS40 (Thr246, \#13175), PRAS40 (\#2691) and GAPDH (\#5174) as well as corresponding secondary antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). Primary monoclonal antibodies of phospho-p70S6 kinase (Thr389) were obtained from Cell Signaling Technology (\#9206s) or Santa Cruz (sc-377529, Dallas, TX, USA).

2.2. Cell lines and transfections {#sec2.2}
---------------------------------

Human poor differentiated ESCC cell line EC9706 and TE-1, well differentiated KYSE450, KYSE790 and ECa109 were obtained from Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and cultured as described previously[@bib32]^,^[@bib33]. Human normal esophageal Het-1A cells were obtained from American Type Culture Collection. ECa109 and EC9706 cells, respectively, were transfected with *RICTOR*-shRNA or Control-shRNA vector (TransOMIC Technologies, Huntsville, AL, USA or GenePharma, Shanghai, China) using Lipofectamine™ 3000 (Invitrogen, Carlsbad, CA, USA) and screened as described before[@bib34]. The sequence of *RICTOR*-shRNA and Control-shRNA was GCG AGC TGA TGT AGA ATT AGA and GTT CTC CGA ACG TGT CAC GT, respectively. Cells screened were named *RICTOR*-KD cells (with *RICTOR*-shRNA) and control cells (with Control-shRNA).

2.3. Immunohistochemistry {#sec2.3}
-------------------------

Study about human subjects was performed according to the Code of Ethics of the World Medical Association. Paraffin-embedded ESCC and normal esophageal tissues slides were from 150 ESCC patients (98 male and 52 female with the mean age of 62.3 ± 8.7 years old), who did not suffer chemotherapy or radiotherapy before surgical resection. The informed consent forms for all patients were provided by the Pathology Department of the First Affiliated Hospital of Zhengzhou University, and the use of the samples was permitted by Human Ethic Committee of the First Affiliated Hospital, Zhengzhou University (Zhengzhou, China). Immunohistochemistry (IHC) was performed with antibodies against RICTOR and p-AKT (Ser473) as described before[@bib32]. The stained sections were evaluated by two pathologists in a blinded manner[@bib35]. The evaluation criterion is staining intensity (I) (negative: 0; weak: 1; moderate: 2; and strong: 3), positive cells distribution (D) (\<10%: 0; 10%--50%: 1; 51%--90%: 2; and \>90%: 3) and staining pattern (P) (no staining: 0; sporadic positive: 1; focal positive: 2; and diffuse positive: 3). The total score of every slide was calculated as: *I* × *D* × *P*. Then the total score value = 0 was considered as negative, while the total score value ≥ 1 was considered as positive. Chi-squared (*χ*2) or Fisher\'s exact tests were used to assess and represent separated clinicopathologic parameters, association of RICTOR and p-AKT (Ser473) expression level was clarified using the Spearman\'s rank correlation coefficient.

2.4. Cell proliferation {#sec2.4}
-----------------------

Cell proliferation was measured by CCK-8 (Beyotime Biotechnology, Shanghai, China), as described before[@bib36]. Briefly, cells incubated in 96-well plates were treated with RAD001 or PP242, respectively. The absorbance was measured by a microplate reader (Bio-Rad Laboratories, Hercules, CA, USA) at 450 nm after addition of CCK-8 reagent to each well. The IC~50~ values of RAD001 or PP242 were calculated by non-linear regression analysis by SPSS19.0 software (NIH, Bethesda, MA, USA).

2.5. Colony formation {#sec2.5}
---------------------

Colony formation was analyzed as described before[@bib36]. Briefly, *RICTOR*-KD and control cells were incubated into 6-well plates, 1000 cells per well. After cultured in medium containing 20 μmol/L of RAD001 or 4 μmol/L of PP242 for 10 days, the clones were fixed using cold methanol, then stained using crystal violet (0.1%). Finally, the number of clones was counted by ImageJ software (NIH, Bethesda, MA, USA).

2.6. Transwell migration {#sec2.6}
------------------------

Cell migration was assayed by Transwell chambers (Corning, NY, USA) experiment. In brief, 200 μL (1.5 × 10^5^ cells) of *RICTOR*-KD or control cell suspension containing 10 μmol/L of RAD001 or 2 μmol/L of PP242 was added into the upper chamber, and culture medium containing 15% FBS was put into basement chamber for 48 h, non-migratory cells in upper chamber were wiped with cotton swabs, and then migratory cells were fixed in cold methanol, then stained with crystal violet (0.1%). Finally, cells were photographed with microscope and the migratory cells in three random fields of each sample were calculated.

2.7. Cell cycle assay {#sec2.7}
---------------------

Cell cycle phase was analyzed by the Cell Cycle Analysis Kit (Beyotime Biotechnology). In brief, after cells were inoculated in 6-well plates (6 × 10^5^ cells per well) and treated using RAD001 (10 μmol/L) or PP242 (2 μmol/L) for 48 h, cells were gathered and fixed with 70% iced ethanol and incubated at 4 °C. Twenty-four hours later, cells were washed with phosphate-buffered saline (PBS) for two times and hatched in the dark with 50 μg/mL of propidium iodide and 50 μg/mL of RNase A for 30 min at 37 °C. Cells (1 × 10^4^) were gathered and cell cycle phase was analyzed using a flow cytometer (BD Accuri™ C6, Piscataway, NJ, USA).

2.8. Cell apoptosis {#sec2.8}
-------------------

Cell apoptosis was detected by Annexin V-FITC/PI Apoptosis Detection Kit (Roche, USA) as described before[@bib36]. Briefly, cells treated with RAD001 (20 μmol/L) or PP242 (4 μmol/L) for 48 h were collected and washed with iced PBS. After incubated with annexin V-FITC staining solution, PI solution was put into cell suspension and cell apoptosis was detected using a flow cytometer (BD Accuri™ C6).

2.9. Tumor xenograft experiments {#sec2.9}
--------------------------------

All the animal studies complied with the ARRIVE guidelines and all animal procedures were permitted by the Animal Ethics Committee, Zhengzhou University. Thirty athymic BALB/c nude mice (male, 4--6 weeks) were obtained from Human Silikejingda Experimental Animal Ltd. (Changsha, China). The housing conditions of animals were described as before[@bib36]. ECa109 *RICTOR*-KD or control cells were collected, washed, and resuspended with PBS, 200 μL of cell suspension (4 × 10^6^ cells) was injected subcutaneously into mouse right flank. When the volume of tumor reached 60--80 mm^3^, the mice were administered RAD001 intragastrically (3 mg/kg) or injected PP242 intraperitoneally (5 mg/kg) every other day for 14 days. Tumors were measured per day and the volume was counted according to Eq. [(1)](#fd1){ref-type="disp-formula"}[@bib37]:$$Tumor\ volume\ \left( {mm^{3}} \right)\  = {{\left( {Long\ diameter} \right) \times \left( {Short\ diameter} \right)^{2}}/2}\text{~.}$$

2.10. In situ TUNEL assay and H&E staining {#sec2.10}
------------------------------------------

Tumor tissues from nude mice fixed with 4% paraformaldehyde buffer were embedded with paraffin, and produced 4 μm tissue slides for H&E staining[@bib36]. Meanwhile, *in vivo* cell apoptosis in the tissue sections was explored using *in situ* Cell Death Detection Kit (Roche, Oceanside, CA, USA) as described before[@bib32]^,^[@bib38].

2.11. Western blot {#sec2.11}
------------------

Western blot assay was processed according to the previous description[@bib32]^,^[@bib38]. Briefly, equivalent amounts of proteins (30 μg) extracted from ESCC cells or tumor tissues were separated with 10% SDS-PAGE, then electro-transferred onto a 0.22 μm nitrocellulose membrane. After blocked with 5% skimmed milk for 2 h, the membrane were hatched with indicated primary antibodies (1:1000) at 4 °C overnight, followed by being incubated with HRP-linked secondary antibodies (1:8000) for 2 h. The protein band was investigated with enhanced chemiluminescence (ECL) reagent (Thermo Fisher Scientific, Waltham, MA, USA) and quantitative analyzed by ImageJ software.

2.12. Statistical analysis {#sec2.12}
--------------------------

The experimental *in vitro* and Western blot results obtained from no less than three repeated independently experiments were analyzed by independent sample *t* test or one-way analysis of variance (ANOVA) using SPSS19.0 software (Rhode Island, RI, USA). Data are shown as mean ± SD, and the value of *P* \< 0.05 or less is considered statistically significant.

3. Results {#sec3}
==========

3.1. mTORC2/AKT signaling was excessively activated in ESCC tissues and cells {#sec3.1}
-----------------------------------------------------------------------------

To explore the activated state of mTORC2/AKT in ESCC and its clinical significance, the expressions of RICTOR and p-AKT (Ser473) in ESCC and normal esophageal tissues were examined by immunohistochemistry. As shown in [Fig. 1](#fig1){ref-type="fig"}A, both RICTOR and p-AKT (Ser473) displayed cytoplasmic staining (brown-stained particles) in ESCC tissues. Among the 150 ESCC tissues, 92 tissues (61.3%) showed RICTOR-positive staining and 98 tissues (65.3%) showed p-AKT-positive staining. In contrast, among the 150 normal esophageal tissues, 27 tissues (18.0%) showed RICTOR-positive staining and 45 tissues (30.0%) showed p-AKT-positive staining ([Table 1](#tbl1){ref-type="table"}). And there are significant statistical differences between the positive expression rates in tumor tissues and normal esophageal tissues (*P* \< 0.01; [Table 1](#tbl1){ref-type="table"}), suggesting that mTORC2 and p-AKT (Ser473) are more frequently activated in ESCC tissues than in normal esophageal tissues.Figure 1mTORC2/AKT signaling was activated in ESCC tissues and cells. (A) The expression of RICTOR and p-AKT (Ser473) in 150 ESCC tissues and normal esophageal tissues were detected by immunohistochemistry, and the representative photographs were shown (400 × , scale bar = 100 μm). (B) Total proteins of ESCC cell lines TE-1, EC9706, KYSE450, KYSE790, and ECa109 as well as normal esophageal cell line Het-1A cells were extracted to analyze the expression of RICTOR and p-AKT (Ser473) by Western blot (*n* = 5), and then semi-quantitative analysis was performed by ImageJ software. Values represent the mean ± SD. \*\*\**P* \< 0.001 *versus* Het-1A cells.Figure 1Table 1Expression of RICTOR and p-AKT (Ser473) in ESCC and normal esophageal tissues.Table 1Tissue type*n*RICTORp-AKT (Ser473)Positive (%)Negative (%)*P*Positive (%)Negative (%)*P*Normal15027 (18.0)123 (82.0)0.00045 (30.0)105 (70.0)0.000ESCC15092 (61.3)58 (38.7)98 (65.3)52 (34.7)[^1]

The analysis results of the relationship between the expressions of RICTOR or p-AKT and clinicopathologic parameters show that the expressions of RICTOR or p-AKT in ESCC have no relevance with the age, gender, as well as histology classification and depth of infiltration (*P* \> 0.05), while are positively correlated with lymph node metastasis and TNM phase (*P* \< 0.05; [Table 2](#tbl2){ref-type="table"}), indicating that mTORC2/AKT signaling may involve in the tumorigenesis process of ESCC. The analysis of association between the expression of RICTOR and p-AKT (Ser473) is shown in [Table 3](#tbl3){ref-type="table"}. There are 68 tissues with positive expression of p-AKT (Ser473) in 92 tissues (68/92, 73.9%) with positive expression of RICTOR, while there are 28 tissues with negative expression of p-AKT (Ser473) in 58 tissues with negative expression of RICTOR (28/58, 48.3%), indicating a positive correlation between the expression of p-AKT (Ser473) and RICTOR in ESCC tissues (rs = 0.227, *P* \< 0.05; [Table 3](#tbl3){ref-type="table"}).Table 2Clinical significance of RICTOR and p-AKT (Ser473) expression.Table 2VariableRICTORp-AKT (Ser473)*n*Positive (%)*P*Positive (%)*P*Gender Male9863 (64.3)0.30859 (60.2)0.070 Female5229 (55.8)39 (75.0)Age ≥608859 (67.0)0.08760 (68.2)0.382 \<606233 (53.2)38 (61.3)Histology classification I3118 (58.1)0.90719 (61.3)0.773 II4427 (61.4)28 (63.6) III7547 (62.7)51 (68.0)Depth of infiltration Mucosa2816 (57.1)0.08920 (71.4)0.441 Muscle layer5931 (52.5)35 (59.3) Fiber membrane6345 (71.4)43 (68.3)Lymph node metastasis No6433 (51.6)0.03436 (56.3)0.044 Yes8659 (68.6)62 (72.1)TNM phase I, II6935 (50.7)0.01437 (53.6)0.005 III, IV8157 (70.4)61 (75.3)[^2]Table 3Association between the expression level of RICTOR and p-AKT (Ser473) in ESCC tissues.Table 3RICTOR*n*p-AKT (Ser473)*P*PositiveNegativePositive9268240.005Negative583028[^3]

Furthermore, the expressions of p-AKT (Ser473) and RICTOR were investigated in five human ESCC cell lines and a normal esophageal cell line Het-1A by Western blot. As shown in [Fig. 1](#fig1){ref-type="fig"}B, the expression levels of RICTOR and p-AKT (Ser473) are higher in the five ESCC cell lines than those in Het-1A cells, which is consistent with the above immunohistochemical results.

Taken together, the results in [Fig. 1](#fig1){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}, [Table 2](#tbl2){ref-type="table"}, [Table 3](#tbl3){ref-type="table"} highlight that mTORC2/AKT signaling is frequently over-activated in ESCC and may participate in metastasis and invasion of ESCC. Moreover, mTORC2 kinase may contribute to promote the activation of AKT in ESCC.

3.2. RAD001 or PP242 inhibited proliferation of ESCC cells through affecting AKT/mTOR/p70S6K pathway {#sec3.2}
----------------------------------------------------------------------------------------------------

Our previous studies[@bib32]^,^[@bib38] and above findings have confirmed the activation of mTORC1 and mTORC2 to explore the effects of mTORC1- and mTORC2-targeting inhibition on ESCC, and the *in vitro* anti-proliferative effects of RAD001 and PP242 were evaluated by CCK-8 assay. As shown in [Fig. 2](#fig2){ref-type="fig"}A and B, RAD001 or PP242 could inhibit proliferation of ESCC cells in a dose-dependent manner with the IC~50~ values (48 h) of 18.3 ± 5.6 and 17.1 ± 1.2 μmol/L for RAD001 on ECa109 and EC9706 cells, respectively. While PP242 had a better inhibitory effect on cell proliferation than RAD001 with IC~50~ value (48 h) of 3.7 ± 0.1 and 3.5 ± 0.5 μmol/L on ECa109 and EC9706 cells, respectively, suggesting that inhibition of both mTORC1 and mTORC2 by PP242 exhibited more powerful anti-proliferative effect than inhibition of mTORC1 by RAD001. Results from Western blot demonstrate that RAD001 inhibited the phosphorylation of p70S6K while promoted the phosphorylation of AKT in dose- and time-dependent manners ([Fig. 2](#fig2){ref-type="fig"}C). In contrast, PP242 decreased the expression of p-AKT (Ser473) and p-p70S6K (Thr389) in dose- and time-dependent manners ([Fig. 2](#fig2){ref-type="fig"}D). These findings suggest that the inhibition of mTORC1 by RAD001 triggered the feedback activation of AKT signaling, which may explain why PP242 exhibited relatively more powerful anti-proliferative effect on ESCC than that of RAD001.Figure 2RAD001 or PP242 inhibited proliferation of ESCC cells through inhibiting AKT/mTOR/p70S6K pathway. (A) and (B) ECa109 and EC9706 cells were treated with RAD001 or PP242 for 24 or 48 h, respectively, and the cell viability was assessed by CCK-8 assay (*n* = 5). (C) and (D) After ECa109 and EC9706 cells were treated with RAD001 (0, 10 and 20 μmol/L) or PP242 (0, 1 and 4 μmol/L) for 24 h or at the same concentration (20 μmol/L of RAD001 or 4 μmol/L of PP242) for different time, total proteins were extracted to analyze the expression of p-AKT (Ser473), AKT, p-p70S6K and p70S6K by Western blot (*n* = 5). Values represent the mean ± SD. \*\**P* \< 0.01 and \*\*\**P* \< 0.001 *versus* the control cells.Figure 2

3.3. Knockdown of RICTOR enhanced sensitivity of ESCC cells to RAD001 and PP242 {#sec3.3}
-------------------------------------------------------------------------------

To explore the antitumor effect of RICTOR/mTORC2-targeting inhibition on ESCC cells, we respectively generated ECa109 and EC9706 cells with shRNA-mediated stable knockdown of *RICTOR* (decreased 43.2% in ECa109 and 68.0% in EC9706 compared to that in control cells, [Figure 3](#fig3){ref-type="fig"}, [Figure 4](#fig4){ref-type="fig"}A), and determined whether *RICTOR*-knockdown (*RICTOR*-KD) could enhance the anti-proliferative and anti-migratory effect of RAD001 and PP242. As shown in [Figure 3](#fig3){ref-type="fig"}, [Figure 4](#fig4){ref-type="fig"}B, at every concentration of RAD001 or PP242, the viability rate of *RICTOR*-KD cells significantly decreased compared to the control cells (*P* \< 0.05). Furthermore, treatment of RAD001 or PP242 induced a lower viability rate in *RICTOR*-KD cells as compared with the control cells (*P* \< 0.05). The colony number of *RICTOR*-KD cells decreased significantly compared with control cells (*P* \< 0.05 or *P* \< 0.001), and treatment of RAD001 and PP242 produced less colony number in *RICTOR*-KD cells than that in control cells (*P* \< 0.01 or *P* \< 0.001, [Figure 3](#fig3){ref-type="fig"}, [Figure 4](#fig4){ref-type="fig"}C). The above results indicated that *RICTOR*-KD could inhibit the proliferation of ESCC cells and enhance the growth-inhibitory effect of RAD001 and PP242 on ESCC cells. In the transwell migration assay ([Figure 3](#fig3){ref-type="fig"}, [Figure 4](#fig4){ref-type="fig"}D), the number of migratory cells decreased significantly in *RICTOR*-KD cells compared with control cells (*P* \< 0.001), and *RICTOR*-KD cells migrated at significantly slower rates after treated by RAD001 or PP242 as compared to control cells (*P* \< 0.001), suggesting that *RICTOR*-KD could inhibit the migration of ESCC cells and enhance the anti-migratory effect of RAD001 and PP242.Figure 3Stable knockdown of *RICTOR* enhanced the anti-tumor effects of RAD001 and PP242 on ECa109 cells. (A) Expression of RICTOR in ECa109 cells stably transfected with *RICTOR*-shRNA (*RICTOR*-KD) or control-shRNA (control), respectively (*n* = 5). (B) ECa109 *RICTOR*-KD cells or control cells were treated with RAD001 or PP242 for 48 h, and the cell viability was assessed by CCK-8 assay (*n* = 5). (C) ECa109 *RICTOR*-KD cells or control cells were treated with RAD001 (20 μmol/L) or PP242 (4 μmol/L) for 10 days, and the colonies were stained with crystal violet and counted using ImageJ software (*n* = 3). (D) ECa109 *RICTOR*-KD cells or control cells were treated with RAD001 (10 μmol/L) or PP242 (2 μmol/L) for 48 h, and then the cell migration was assessed by transwell migration assay (*n* = 3). Scale bar = 100 μm. (E) and (F) ECa109 *RICTOR*-KD cells or control cells were treated with RAD001 (10 μmol/L for cell cycle assay and 20 μmol/L for cell apoptosis) or PP242 (2 μmol/L for cell cycle assay and 4 μmol/L for cell apoptosis) for 48 h, and then the cell cycle and apoptosis were assessed by flow cytometer (*n* = 3). Values represent the mean ± SD. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 significantly different from control group; ^\#\#^*P* \< 0.01, ^\#\#\#^*P* \< 0.001 *versus* single-factor treatment group.Figure 3Figure 4Stable knockdown of *RICTOR* enhanced the anti-tumor effects of RAD001 and PP242 on EC9706 cells. (A) Expression of RICTOR in and EC9706 cells stably transfected with *RICTOR*-shRNA (*RICTOR*-KD) or control-shRNA (control), respectively (*n* = 5). (B) EC9706 *RICTOR*-KD cells or control cells were treated with RAD001 or PP242 for 48 h, and the cell viability was assessed by CCK-8 assay (*n* = 5). (C) EC9706 *RICTOR*-KD cells or control cells were treated with RAD001 (20 μmol/L) or PP242 (4 μmol/L) for 10 days, and the colonies were stained with crystal violet and counted using ImageJ software (*n* = 3). (D) EC9706 *RICTOR*-KD cells or control cells were treated with RAD001 (10 μmol/L) or PP242 (2 μmol/L) for 48 h, and then the cell migration was assessed by transwell migration assay (*n* = 3). Scale bar = 100 μm. (E) and (F) EC9706 *RICTOR*-KD cells or control cells were treated with RAD001 (10 μmol/L for cell cycle assay and 20 μmol/L for cell apoptosis) or PP242 (2 μmol/L for cell cycle assay and 4 μmol/L for cell apoptosis) for 48 h, and then the cell cycle and apoptosis were assessed by flow cytometer (*n* = 3). Values represent the mean ± SD. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 significantly different from control group; ^\#^*P* \< 0.05, ^\#\#\#^*P* \< 0.001 *versus* single-factor treatment group.Figure 4

To further detect whether *RICTOR*-KD affects the oncogenic properties of ESCC cells, the regulating effects of *RICTOR*-KD on cell apoptosis and cell cycle were then explored in ECa109 and EC9706 cells. As shown in [Figure 3](#fig3){ref-type="fig"}, [Figure 4](#fig4){ref-type="fig"}E, the apoptotic rates of *RICTOR*-KD cells increased significantly compared with control cells (*P* \< 0.01 or *P* \< 0.001). Moreover, *RICTOR*-KD cells were more sensitive to RAD001-or PP242-induced apoptosis as compared with control cells (*P* \< 0.05 or *P* \< 0.001), which indicates that *RICTOR*-KD could synergistically increase RAD001 or PP242-induced cell apoptosis. Next, the effects of *RICTOR*-KD on cell cycle progression were also assessed. As shown in [Figure 3](#fig3){ref-type="fig"}, [Figure 4](#fig4){ref-type="fig"}F, the percentage of cells in S-phase decreased significantly (*P* \< 0.05) and the percentage of cells in G2/M-phase increased significantly (*P* \< 0.001) in *RICTOR*-KD cells compared with control cells. Moreover, treatment of RAD001 or PP242 induced a higher percentage of G2/M-phase cells in *RICTOR*-KD cells than that in control cells (*P* \< 0.01 or *P* \< 0.001), indicating that *RICTOR*-KD could synergistically enhance the RAD001 or PP242-induced G2/M-phase arrest in ESCC cells.

Taken together, the results in [Figure 3](#fig3){ref-type="fig"}, [Figure 4](#fig4){ref-type="fig"} demonstrate that knockdown of *RICTOR* could enhance the cell sensitivity to RAD001 or PP242 by suppressing proliferation and migration as well as inducing apoptosis and G2/M-phase cycle arrest in ESCC cells.

3.4. Stable knockdown of RICTOR inhibited tumor growth and potentiated the antitumor effect of RAD001 or PP242 in nude mice {#sec3.4}
---------------------------------------------------------------------------------------------------------------------------

To explore whether *RICTOR*-KD could potentiate the *in vivo* antitumor effect of RAD001 and PP242, nude mice bearing tumors derived from ECa109 *RICTOR*-KD cells or control cells were treated by RAD001 or PP242. As shown in [Fig. 5](#fig5){ref-type="fig"}A, when mice were treated with placebo, tumors derived from *RICTOR*-KD cells grew at significantly slower rates compared to tumors derived from control cells. When mice were treated with RAD001 or PP242, tumors derived from *RICTOR*-KD cells were more sensitive to RAD001 or PP242 than tumors derived from control cells. As shown in [Fig. 5](#fig5){ref-type="fig"}B and C, the weights of tumors derived from *RICTOR*-KD cells decreased significantly compared with that tumors derived from control cells (*P* \< 0.05). After treated with RAD001 or PP242, tumors derived from *RICTOR*-KD cells were significantly smaller than tumors derived from control cells (*P* \< 0.05). The above results indicate *RICTOR*-KD could inhibit tumor growth and enhance the antitumor effect of RAD001 and PP242 *in vivo*.Figure 5Stable knockdown of *RICTOR* inhibited tumor growth and potentiated the antitumor effect of RAD001 or PP242 in nude mice. Nude mice bearing tumors derived from ECa109 *RICTOR*-KD cells or control cells were treated by RAD001 (3 mg/kg every other day, intragastric administration) or PP242 (5 mg/kg every other day, intraperitoneal injection) for 14 days (*n* = 5). (A) Tumor growth curves were graphed with the tumor volume of each mouse measured and recorded every day (*n* = 5). (B) and (C) Tumor and its weight from each group at treatment termination were shown (*n* = 5). (D) The tumor from each mouse was used to analyze the cell apoptosis by *in situ* TUNEL assay, the number of TUNEL-positive cells (brown-stained) was counted based on an examination of 1500 tumor cells of each section (400 × , scale bar = 100 μm) (*n* = 5). (E) Paraffin-embedded tumor was used to analyze the cell apoptosis as well as livers and kidneys of mice were used to evaluate the potential hepatorenal toxicity by H&E staining (*n* = 5). Scale bar = 100 μm. Values represent the mean ± SD. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 *versus* control group; ^\#^*P* \< 0.05; ^\#\#^*P* \< 0.01; ^\#\#\#^*P* \< 0.001 *versus* single-factor treatment group.Figure 5

Next, the cell apoptosis in tumors derived from *RICTOR*-KD cells or control cells was evaluated by *in situ* TUNEL assay and H&E staining. The results of *in situ* TUNEL assay ([Fig. 5](#fig5){ref-type="fig"}D) show the increased cell apoptotic rates in *RICTOR*-KD group compared with control group (*P* \< 0.01), and treatment of RAD001 or PP242 induced higher apoptotic rates in *RICTOR*-KD group compared with that in control group (*P* \< 0.01). The results of H&E staining show increased necrosis in the tumors derived from *RICTOR*-KD cells compared to tumors from control cells ([Fig. 5](#fig5){ref-type="fig"}E). The above results indicate that knockdown of *RICTOR* could promote cell apoptosis *in vivo*, and synergistically increase RAD001 or PP242-induced cell apoptosis, which is consistent with our *in vitro* results.

Moreover, the potential adverse effect of this combinatorial strategy was evaluated preliminarily. During necropsy, no obvious macroscopic pathological changes were observed in any organs of each mouse, including liver and kidney according to the H&E staining results ([Fig. 5](#fig5){ref-type="fig"}E). Compared to the control group, no statistically significant difference (*P* \> 0.05) was observed in haematological parameters ([Table 4](#tbl4){ref-type="table"}) and relative organ weights ([Table 5](#tbl5){ref-type="table"}). These results indicate that no obvious adverse effect was observed in xenograft mice during treatment.Table 4Effect of RAD001 or PP242 on haematological parameters in xenografts.Table 4ParameterCtrl-sh*RICTOR*-shC-sh + RADR-sh + RADC-sh + PP242R-sh + PP242WBC (× 10^9^/L)5.34 ± 0.355.76 ± 0.585.60 ± 0.545.19 ± 0.495.04 ± 0.725.09 ± 0.49RBC (× 10^12^/L)11.34 ± 0.2710.85 ± 0.5211.41 ± 0.6511.19 ± 0.7311.06 ± 0.7010.89 ± 0.41HGB (g/L)154.01 ± 4.38153.86 ± 3.06152.57 ± 5.88154.05 ± 6.48165.65 ± 4.60161.28 ± 7.43HCT (%)0.50 ± 0.020.49 ± 0.030.47 ± 0.020.46 ± 0.010.51 ± 0.010.47 ± 0.05MCV (fL)49.34 ± 3.9545.07 ± 4.8145.78 ± 3.1045.03 ± 4.5246.00 ± 1.4945.02 ± 4.99RDW (%)15.25 ± 0.4714.62 ± 0.1514.99 ± 0.5014.35 ± 0.9914.26 ± 0.3214.66 ± 0.49MCH (pg)316.85 ± 9.35317.01 ± 9.60315.04 ± 3.74323.16 ± 14.97338.18 ± 7.66344.63 ± 7.29MCHC (g/L)27.19 ± 0.8027.66 ± 0.7927.36 ± 0.9727.37 ± 0.5228.01 ± 0.6128.48 ± 0.61PLT (× 10^9^/L)991.74 ± 105.04968.31 ± 115.71997.24 ± 101.691039.72 ± 138.941002.75 ± 158.78979.38 ± 118.11[^4]Table 5Effect of RAD001 or PP242 on relative organ weighs (%) of xenograft mice.Table 5OrganRelative organ weigh (%)Ctrl-sh*RICTOR*-shC-sh + RADR-sh + RADC-sh + PP242R-sh + PP242Heart0.55 ± 0.030.62 ± 0.060.53 ± 0.040.59 ± 0.060.55 ± 0.090.58 ± 0.06Liver7.37 ± 0.387.08 ± 0.446.58 ± 0.196.36 ± 0.076.2 ± 0.276.30 ± 0.23Spleen0.51 ± 0.100.55 ± 0.070.52 ± 0.060.44 ± 0.090.45 ± 0.030.48 ± 0.09Lung0.73 ± 0.090.73 ± 0.260.75 ± 0.070.64 ± 0.080.64 ± 0.020.70 ± 0.05Kidney-L0.97 ± 0.050.96 ± 0.050.96 ± 0.060.89 ± 0.040.88 ± 0.060.95 ± 0.06Kidney-R0.99 ± 0.060.96 ± 0.080.99 ± 0.030.87 ± 0.080.92 ± 0.010.92 ± 0.07[^5]

3.5. Knockdown of RICTOR inhibited RAD001-induced feedback activation of AKT/PRAS40 signaling *in vitro* and *in vivo* {#sec3.5}
----------------------------------------------------------------------------------------------------------------------

To investigate the molecular mechanism underlying the increased cell sensitivity to RAD001 and PP242 produced by *RICTOR*-KD, the expressions of p70S6K, AKT and PRAS40, a proline-rich AKT substrate that regulates mTORC1 kinase activity[@bib34], in *RICTOR*-KD or control cells treated with RAD001 and PP242 were explored. As shown in [Fig. 6](#fig6){ref-type="fig"}A, the expression of p-AKT (Ser473) and p-PRAS40 (Thr246) increased significantly after control cells were treated with RAD001 (*P* \< 0.001), while the expressions of p-AKT (Ser473) and p-PRAS40 (Thr246) were decreased significantly after RICTOR was knocked down (*P* \< 0.001), compared with the untreated control cells. Most interestingly, the RAD001-induced phosphorylation of AKT and PRAS40 could be significantly abrogated by *RICTOR*-KD (*P* \< 0.001), which may explain why *RICTOR*-KD could enhance the growth-inhibitory effect of RAD001. In contrast, PP242 significantly inhibited the phosphorylation of AKT and PRAS40 (*P* \< 0.001), and synergistically acted with *RICTOR*-knockdown to inhibit the activation of AKT/PRAS40 signaling (*P* \< 0.001), which may be the mechanism that *RICTOR*-knockdown cells were sensitized to PP242-induced growth inhibition compared to control cells. In addition, the phosphorylation of p70S6K was inhibited significantly by treatment of RAD001 or PP242, while knockdown of *RICTOR* did not affect the expression and phosphorylated status of p70S6K.Figure 6Stable knockdown of *RICTOR* abrogated the activation of RAD001 and enhanced the inhibition of PP242 to AKT/PRAS40 signaling *in vitro* and *in vivo*. (A) ECa109 cells stably transfected with control shRNA or *RICTOR* shRNA were treated with RAD001 (10 μmol/L) or PP242 (2 μmol/L) for 48 h, and total proteins were extracted to analysis the expression of RICTOR, p-AKT (Ser473), AKT, p-PRAS40 (Thr246), PRAS40, p-p70S6K and p70S6K by Western blot (*n* = 5). (B) Total proteins in tumor tissues from nude mice were extracted and the expressions of RICTOR, p-AKT (Ser473), AKT, p-PRAS40 (Thr246), PRAS40, p-p70S6K (Thr389) and p70S6K were evaluated by Western blot (*n* = 5). Values represent the mean ± SD. \*\*\**P* \< 0.001 *versus* control group; ^\#\#\#^*P* \< 0.001 *versus* single-factor treatment group.Figure 6

The molecular mechanism underlying the *in vivo* antitumor effect of *RICTOR*-KD was also explored using the xenograft from nude mice by Western blot. As shown in [Fig. 6](#fig6){ref-type="fig"}B, in tumors derived from control cells, RAD001 promoted the phosphorylation of AKT and PRAS40 (*P* \< 0.001), while PP242 inhibited significantly the phosphorylation of AKT and PRAS40 (*P* \< 0.001). In contrast, in tumors derived from *RICTOR*-KD cells, the RAD001-induced phosphorylation of AKT and PRAS40 was significantly inhibited (*P* \< 0.001), and PP242 synergistically enhanced the inhibition effect of *RICTOR*-KD on phosphorylation of AKT and PRAS40 (*P* \< 0.001). The findings above are consistent with our *in vitro* results, which may be the reason that knockdown of *RICTOR* could enhance the *in vivo* antitumor effect of RAD001 and PP242.

4. Discussion {#sec4}
=============

ESCC is a subtype of esophageal carcinoma that occurs at a high frequency in many areas including China, South America, Western Europe, Southern Africa and Japan[@bib3]^,^[@bib39], and this disease always accompanies with the insensitivity to traditional chemotherapy and the poor prognosis, which urge the researchers to explore the etiology and pathogenesis of ESCC and develop novel treatment strategies.

In earlier studies, mTORC1 was considered to be a promising target for the treatment of squamous cell carcinoma in head and neck[@bib40]. Consistently, our earlier studies also confirmed that mTORC1/p70S6K signaling is hyperactivated in ESCC, and targeted inhibition of mTORC1 by rapamycin could effectively suppress proliferation of ESCC cells and enhance the antitumor effect of cisplatin both *in vitro* and in *vivo*[@bib33]^,^[@bib38]^,^[@bib41]. Because of the seemingly clear rationale for the utilization of mTORC1 inhibitors in cancer treatment, rapalogs such as RAD001 and CCI-779 have been used clinically in many tumor types for the past decade years[@bib5]^,^[@bib13], [@bib14], [@bib15]^,^[@bib42]. However, recent clinical trials have revealed that the antitumor effect of rapalogs is probably not as promising as we initially expected[@bib5]^,^[@bib43], the existence of several negative feedback loops emanating from p70S6K to AKT is considered to be the main reason that leads to the relatively modest efficacy of rapalogs in clinical treatment[@bib5]^,^[@bib13]^,^[@bib44]. Mechanistically, inhibition of p-p70S6K by rapalog activates insulin receptor substrate 1 (IRS-1) and phosphatidylinositol 3 kinase (PI3K), resulting in the phosphorylated activation of AKT at Thr308 site[@bib44], [@bib45], [@bib46]. Meanwhile, inhibition of p-p70S6K can phosphorylate RICTOR at Thr1135 site and results in the dissociation of RICTOR from mTORC2, thus promoting phosphorylation of AKT at Ser473 site, the direct downstream targets of RICTOR[@bib17]^,^[@bib18]. To sum up, inhibition of mTORC1 by rapalogs would reactivate AKT signaling through the p70S6K/IRS-1/PI3K/AKT (Thr308) and p70S6K/mTORC2/AKT (Ser473) feedback loops, and ultimately attenuate the antitumor effect of rapalogs.

For these reasons above, the newly-developed pan-mTOR inhibitors seem to have broader impacts than the "old" rapalogs. PP242, the first reported pan-mTOR inhibitor, was reported to inhibit both mTORC1 and mTORC2 activities, and thus has more complete inhibition on the output of mTOR than rapalogs[@bib22]. A previous preclinical study demonstrated that PP242, but not rapamycin, could effectively suppress cell proliferation, induce apoptosis, and arrest cell cycle of ESCC cells by attenuating the activities of both mTORC1 and mTORC2 signaling and abrogating mTORC1-dependent PI3K/AKT feedback activation[@bib23]. In this study, we confirmed that PP242 exhibited more powerful anti-proliferative effect against ESCC cells than RAD001, and found that inhibition of mTORC1 by RAD001 increased the phosphorylated levels of AKT at Ser473, whereas PP242 inhibited phosphorylation of both AKT and p70S6K ([Fig. 2](#fig2){ref-type="fig"}).

However, some studies thought that PP242 could not completely inhibit the activation of AKT because PP242 could relieve feedback inhibition of RTKs[@bib47] and induce inhibition of p-4EBP-1 in cancers with KRAS mutation[@bib48], which will lead to the resistance of cancer cells to PP242, thus. Thus, the hypothesis that using the pan-mTOR inhibitor to suppress these feedback loops seems infeasible and impractical[@bib47]^,^[@bib48]. Considering the above studies, selectively blocking mTORC2 activity could avoid the mTORC1-mediated feedback loops, and should be undoubtedly effective for cancer therapy. Several recent studies have confirmed that targeted inhibition of mTORC2 inhibits tumorigenesis in ovarian and pancreatic cancer[@bib49]^,^[@bib50], which provide a rationale for developing inhibitors specifically targeting mTORC2. Unfortunately, the inhibitors specifically targeting mTORC2 are still unavailable currently. RICTOR, as the key component of mTORC2, has critical roles for mTORC2 function by regulation of the activation of AKT[@bib26]. Some recent studies have demonstrated the overexpression of RICTOR and its association with tumor progression and poor prognosis in many cancers such as lung cancer, pancreatic cancer, and gastric cancer[@bib29]^,^[@bib30]^,^[@bib51]^,^[@bib52], and knockdown of *RICTOR* by RNA interference has inhibitory effects on tumor growth *in vitro* and *in vivo*[@bib25]^,^[@bib29]^,^[@bib30]^,^[@bib50]. These studies above highlight the role of RICTOR in tumorigenesis and RICTOR is therefore becoming an important actor in cancer diagnosis, prognosis and treatment as a therapeutic target[@bib26]^,^[@bib27]. Therefore, exploring the unique impacts of RICTOR/mTORC2 pathway on oncogenic properties will facilitate the research and development of mTORC2-specific inhibitors[@bib21]. Although Jiang et al.[@bib31] have determined the overexpression of RICTOR and its relationship with tumor metastasis and prognosis in ESCC, the functional effects of RICTOR/mTORC2 on tumorigenesis of ESCC are still unknown, this study therefore explored the potential role of mTORC2 as a therapeutic target in ESCC.

In this study, we first explored the expression of p-AKT (Ser473) and RICTOR as well as the clinical significance in 150 tissues from ESCC patients, and demonstrated that p-AKT (Ser473) and RICTOR were more frequently activated in ESCC tissues. Moreover, the overactivation of RICTOR is positively correlated with elevated p-AKT (Ser473) level in ESCC tissues, and their overexpression is related to lymph node metastasis and tumor-node-metastasis (TNM) phase of ESCC patients, suggesting that mTORC2/AKT pathway may participate in metastasis and invasion of ESCC, which might contribute to diagnose the progress of ESCC. Second, we confirmed that inhibition of mTORC1 by RAD001 increased the phosphorylated levels of AKT at Ser473 *via* the p70S6K-mediated negative feedback loops, whereas inhibition of both mTORC1 and mTORC2 by PP242 inhibited phosphorylation of both AKT and p70S6K, which might explain, at least partly, the reason that PP242 exhibited more powerful anti-proliferative effect against ESCC cells than RAD001. Third, we found that stable knockdown of *RICTOR* could inhibit proliferation and migration as well as induce cell cycle arrest and apoptosis of ESCC cells. Noteworthy, an important finding in our study was that inhibition of mTORC2 by knocking-down *RICTOR* significantly suppressed the RAD001-induced feedback activation of AKT/PRAS40 signaling, and also enhanced the inhibition efficacy of PP242 on the phosphorylation of AKT and PRAS40, and therefore potentiated the antitumor effect of RAD001 and PP242 both *in vitro* and in *vivo*, which provide a rationale for developing inhibitors specifically targeting mTORC2 as well as its combination with mTOR inhibitors in clinical therapy of ESCC.

Recent studies conducted by Sakre et al.[@bib29] and Kim et al.[@bib53] revealed that the amplification of RICTOR increased sensitivity of cancer cells to mTORC1/mTORC2 inhibitors, and silencing or knocking-down *RICTOR* counteracted the inhibitory effects of mTORC1/mTORC2 inhibitor AZD2014 in lung cancer and gastric cancer. However, based on our data in this study, knocking-down *RICTOR* obviously improved the antitumor effect of mTORC1 inhibitor RAD001 and mTORC1/mTORC2 inhibitor PP242 on ESCC cells. We speculated that knocking-down *RICTOR* combined with PP242 might inhibit activation of AKT at a larger extent, which was demonstrated in the exploration of molecular mechanism *in vitro* and in *vivo* by Western blot ([Fig. 6](#fig6){ref-type="fig"}). From our results, we could speculate that the pan-mTOR inhibitors targeting the mTOR--ATP binding domain will be more efficacious than rapalogs in the clinical treatment of ESCC. Furthermore, since mTORC2 regulates a wider range of targets of downstream mTOR and does not perturb mTORC1-dependent negative feedback loops, it will be a more promising therapeutic target in ESCC treatment than mTORC1. In addition, although the mTORC2-specific inhibitors are still unavailable currently, this study supports the combined use of mTORC2-specific inhibition and rapalogs/pan-mTOR inhibitors as an effective approach to treat ESCC in the future. Our recent study reported a novel diterpenoid compound that targeting PI3K and mTORC2 signaling pathway significantly potentiates the antitumor effect of rapamycin in ESCC[@bib36], which further supported the opinion above.

5. Conclusions {#sec5}
==============

Our findings highlight the crucial role of mTORC2 in tumorigenesis of ESCC, and provide preclinical rationale for selectively targeting mTORC2 as a feasible and promising therapeutic strategy to enhance the antitumor efficacy of mTOR inhibitors in future treatment of ESCC ([Fig. 7](#fig7){ref-type="fig"}).Figure 7Schematic diagram that the potential effect of *RICTOR* KD on sensitivity of ESCC cells to RAD001 and PP242.Figure 7
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[^1]: To explore the activated state of mTORC2/AKT in ESCC and their clinical significance, the expressions of RICTOR and p-AKT (Ser473) in 150 ESCC and normal esophageal tissues were examined by immunohistochemistry. The expressions of RICTOR and p-AKT (Ser473) protein were significantly higher in ESCC tissues than that in normal esophageal tissues and had statistically significant differences (*P* \< 0.05).

[^2]: The relationships between the expressions of RICTOR or p-AKT protein and clinicopathologic parameters were analyzed. The expression of RICTOR or p-AKT protein in ESCC had no statistically significant differences with the age, gender, as well as histology classification, depth of infiltration and lymph node metastasis (*P* \> 0.05), while was positively correlated with the TNM phase (*P* \< 0.05).

[^3]: The association between the expression level of RICTOR and p-AKT (Ser473) in ESCC tissues was explored. There was a positive correlation between the expression of p-AKT (Ser473) and RICTOR in ESCC tissues (rs = 0.227, *P* \< 0.05).

[^4]: After mice were treated with RAD001 or PP242 for 2 weeks, blood samples were collected from mice orbit to measure the routine haematological parameters. No statistically significant differences were found. Note: C-sh, Ctrl-sh; R-sh, *RICTOR*-sh; RAD, RAD001.

[^5]: During necropsy, the heart, liver, spleen, lung and kidney from each mouse were collected and weighed separately to calculated the relative organ weight \[Relative organ weight (%) = organ weight/body weight × 100\]. No statistically significant differences were found. Note: C-sh, Ctrl-sh; R-sh, *RICTOR*-sh; RAD, RAD001.
